We recently reported an increase in dicentric chromosome (DIC) formation after a single computed tomography (CT) scan (5.78-60.27 mSv: mean 24.24 mSv) and we recommended analysis of 2000 metaphase cells stained with Giemsa and centromere-FISH for dicentric chromosome assay (DCA) in cases of low-dose radiation exposure. In the present study, we analyzed the frequency of chromosome translocations using stored Carnoy's-fixed lymphocyte specimens from the previous study; these specimens were from 12 patients who were subject to chromosome painting of Chromosomes 1, 2 and 4. Chromosomes 1, 2 and 4 were analyzed in ∼5000 cells, which is equivalent to the whole-genome analysis of almost 2000 cells. The frequency of chromosome translocation was higher than the number of DICs formed, both before and after CT scanning. The frequency of chromosome translocations tended to be higher, but not significantly higher, in patients with a treatment history compared with patients without such a history. However, in contrast to the results for DIC formation, the frequency of translocations detected before and after the CT scan did not differ significantly. Therefore, analysis of chromosome translocation may not be a suitable assay for detecting chromosome aberrations in cases of low-dose radiation exposure from a CT scan. A significant increase in the frequency of chromosome translocations was not likely to be detected due to the high baseline before the CT scan; the high and variable frequency of translocations was probably due to multiple confounding factors in adults.
INTRODUCTION
Japan is a computed tomography (CT)-rich country. Potential cancer risks associated with ionizing radiation exposure from CT scans are a concern, especially for children and young adults, because of reported increases in leukemia, brain tumors, and other cancers after CT scans [1, 2] . These studies state that CT scanning may induce chromosome aberrations. Chromosome aberrations that may cause cancer and hematological malignancies include chromosomal translocations, deletions and inversions, each of which can result from the cleavage of chromosomes, also called DNA double-strand breaks (DSBs) [3] [4] [5] . Previously, dicentric chromosome (DIC) assay (DCA) or γH2AX (phosphorylated form of H2AX histone variant) -based visualization were used to determine whether CT scanning increases chromosomal aberrations or DNA damage [6] [7] [8] [9] . The most effective tool for estimating biological radiation doses received by individuals is the scoring of chromosomal aberrations such as DICs and ring chromosomes or translocated chromosomes in peripheral blood (PB) lymphocytes. Cells with DICs are mitotically unstable and are gradually eliminated from the body because they are unable to pass through repeated cell divisions. On the other hand, cells with translocated chromosomes are mitotically stable and are not lost by cell division [10] . We recently showed that DIC formation increases significantly in PB lymphocytes after a single CT scan (5.78-60.27 mSv: mean 24.24 mSv) (Supp . Table 1A and 1B) [11] . We therefore recommended that 2000 or more metaphase figures in Giemsa-stained samples, and 1000 or more metaphase figures in Centromere-FISH be analyzed by DCAs in studies of low-dose radiation exposure [11] . DICs and chromosome translocations are produced in about an equal ratio in human PB cells after exposure to radiation [12, 13] . Therefore, we reasoned that a single CT scan might produce chromosome translocations that could be the cause of leukemia or other cancer.
Here we analyzed the frequency of chromosome translocations after a single CT scan: we used stored Carnoy's-fixed lymphocyte specimens taken from 12 patients in a previous study [11] . Based on our review of the published literature, there are no published studies comparing the frequency of chromosome translocations before and after a CT scan.
METHODS

Ethics statement
The samples and the medical records used in this study were approved by the Ethics Committee of the Fukushima Medical University School of Medicine (Approval No. 1577). Written informed consent was obtained from all participants for analysis of the PB samples, and the protocols were carried out in accordance with guidelines approved by the Council for International Organizations of Medical Science [14] .
Subjects
The study involved 12 patients (3 males and 9 females) aged 62-83 years (mean 71 years) who had medical examinations in hematological internal medicine, respiratory internal medicine and respiratory surgery at Fukushima Medical University Hospital. Data regarding past history of disease and treatment, CT scans, and Chemotherapy or radiotherapy had been performed at least five years before this study. b These patients had given up smoking at least 10 years before this study. • 221 Chromosome translocation analysis after a CT scan smoking status of the subjects are shown in Table 1 
Cell harvesting
After 48 h of culture, cells were harvested, treated with 0.075 M KCL, and fixed with methanol/acetic acid (3:1) according to the standard cytogenetic procedure [10, 15] . Finally, the cell pellets were suspended in 1-2 ml of fixative, depending on the size of the pellets. One drop (∼20 μl) of the suspension was dispensed onto a slide and spread on a water bath.
Chromosome painting
Each slide was first dried at 65°C for at least 1 h for hardening. Next, 6-7 μ-of a Customized XCP-Mix probe (Mix-#1R-#2G-#4RG; MetaSystems, Altlussheim, Germany) solution was applied per 22 × 22-mm area, and the slide was covered with a glass coverslip and sealed with paper bond. Subsequent operations were carried out according to the manufacturer's instructions. Nuclear DNA was denatured by incubating the slides on a hot plate at 75°C for 2 min, followed by incubation overnight at 37°C in a humidified chamber to allow for hybridization. The glass coverslips were removed and the slides were washed in 0.4 × SSC at 72°C for 2 min. After draining, the slides were then washed in 2 × SSC/0.05% Tween-20 at room temperature (RT) for 30 s. Subsequently, the slides were briefly rinsed in distilled water to avoid crystal formation and then air dried at RT. Finally, nuclei were counterstained with Vectashield Mounting Medium containing DAPI (Vector, Burlingame, USA), and the slides were covered with a glass coverslip and sealed with nail polish.
Image capturing and scoring of chromosomal aberrations (Chromosome 1, 2 and 4 painting)
Soon after completion of the chromosome preparations, FISH images were captured in the AutoCapt mode using two sets of AXIO Imager Z2 microscopes (Carl Zeiss AG, Oberkochen, Germany) equipped with CCD cameras and Metafer 4 software (MetaSystems GmbH, Altlussheim, Germany), respectively. Metaphase cells were selected for scoring in manual mode. Chromosome analysis was performed according to the International Atomic Energy Agency (IAEA) manual (IAEA 2001) [15] by two trained, experienced observers. It should be emphasized that the two observers who evaluated the data were not informed of the patients' backgrounds. Only metaphase figures with ∼44-46 chromosomes were selected for chromosomal analysis. Thus, cells with three chromosome pairs (Chromosomes 1, 2 and 4) colored in three different paintings were selected for analysis. Metaphase cells exhibiting tetraploidy were omitted from the analysis. Based on a previous report that indicated that almost all apparently one-way (non-reciprocal) translocations are usually actually two-way (reciprocal) translocations [16] , we included apparently one-way translocations in the two-way translocation counts. In the case of complex chromosomal abnormalities, the numbers of translocations were determined based on the number of color junctions (NCJ) [17] . For example, an NCJ of 1 or 2 reflects one translocation, an NCJ of 3 or 4 reflects two translocations, and an NCJ of 5 or 6 reflects three translocations and so on. We also recorded other chromosomal aberrations such as DICs.
For scoring, the formula used to calculate the frequency of translocations across the whole genome (F G ) was based on the formula using three colors (Chromosome 1: Red, Chromosome 2: Green, Chromosome 4: Yellow) for the detection of translocations as follows [1] : The proportion of the genome occupied by Chromosomes 1, 2 and 4 is ∼23%. Therefore, F G is determined by the following formula: F G ¼F P ×2:567ðFemaleÞ; F G ¼F P ×2:533ðMaleÞ:
In order to unify the cell numbers of the analysis, we determined F G as per 2000 cell equivalents, which were obtained according to the above respective formula for females and males, respectively.
Methods used for the DCA are described in the supplementary information.
Statistical analysis
The Student's t-test was used to compare the frequency of chromosome translocation before CT scanning in patients with or without previous treatment. The Student's paired t-test was used to compare the frequency of chromosome translocations before and after CT scanning. Analyses were performed using STATA software, Version 11.1 (StataCorp, College Station, TX, USA). P values of <0.05 were regarded as statistically significant.
RESULTS
Subject background data
Background data pertaining to the 12 patients are shown in Table 1 . For the six patients with malignant lymphoma (ML) who were followed up after chemotherapy (mainly rituximab plus CHOP: cyclophosphamide, doxorubicin, vincristine and prednisolone) and/or radiotherapy (treatment group), at least 5 years had elapsed between those treatments and the present study. Two patients (Patients 3 and 7) had received both chemotherapy and radiotherapy. Patients without treatment history were individuals who had only undergone surgery for lung cancer or only taken CT examination for diagnosis. Patients with a history of smoking had ceased smoking >10 years prior to the study. All patients had undergone chest X-ray during annual medical examinations. In addition, all patients except one (Patient 10) had undergone CT scans more than five times during the previous 5 years, and three ML patients and three lung cancer patients had undergone a positron emission tomography (PET) examination before this study. Patients with lung cancer (Patients 1 and 11) had undergone surgery, and the last patient (Patient 12) had been given letrozole after surgery for breast cancer. With respect to medication, one patient (Patient 2) was given 2.5 mg of predonine every other day for hay fever, four patients (Patients 3, 4, 8 and 11) were prescribed medication for hypertension, and two patients (Patients 10 and 11) were prescribed medication for diabetes. Smoking history was deemed not to have an influence on DIC formation because 10 years had passed since smoking cessation in patients who had previously smoked.
Frequency of chromosome translocation before and after CT scanning
In our previous study in which we analyzed DIC formation using Giemsa staining and centromere-FISH, we analyzed 2000 metaphases per patient [11] . Subsequently, to match the number of cells analyzed between the DIC and translocation analysis, we analyzed ∼5000 cells, which was equivalent to whole-genome analysis of almost 2000 cells (Table 2) . We compared the frequency of chromosome translocation before the CT scan for patients with and without previous chemotherapy and/or radiotherapy, and the frequency of chromosome translocation tended to be higher in patients with previous treatment, but this difference was not significant (Fig. 1) . Notably, the frequency of translocations detected after the CT scan was not significantly higher than that detected before the CT scan (Fig. 2) . Therefore, the frequency of chromosome translocations did not show the same Per 100 cells equivalent.
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DISCUSSION
Our previous finding that there is an increase in DIC formation [11] (i.e. evidence of cleavage of double-stranded DNA) after a single CT scan prompted us to subsequently analyze the frequency of chromosome translocation in the same samples. After adding two samples to the samples set used for the previous study, we first compared the number of DICs formed before the CT scan in patients with and without previous chemotherapy and/or radiotherapy. The number of DICs formed tended to be higher (but not significantly) in patients with a treatment history than in patients without such a history, as determined using both Giemsa staining (Supp. Fig. 1A ) and centromere-FISH (Supp. Fig. 1B) . Most notably, the number of DICs formed after the CT scan was significantly higher than the number formed prior to the scan, as determined with both Giemsa staining (P < 0.01) (Supp. Fig. 1C ) and centromere-FISH (P < 0.01) (Supp. Fig. 1D ). Chemotherapy and radiotherapy induce DNA damage and cause chromosome instability [18, 19] . We speculate that DIC formation would be apt to occur after a CT scan in patients with a treatment history. However, we could not compare the number of DICs formed after the CT scan in patients with and without previous treatment because of the small number of patients.
Based on the results of previous studies, which showed that DICs and chromosome translocations are produced in about an equal ratio [12, 13] , and on our findings of a significant increase in DIC formation after a single CT scan [11] , we speculated that there could also be an increase in chromosome translocation in our samples. However, we did not detect a significant increase in chromosome translocation in the sample set used for our study. One possible reason for this result is that significant additional increments of chromosome translocation could not be detected because the baseline number of translocations increases with aging in adults, and the frequency of chromosome translocations per 2000 cells equivalent both before and after the CT scan was higher than the respective number of DICs formed per 2000 metaphases. Another possible reason is that the frequency of chromosome translocation was calculated based on changes in Chromosomes 1, 2 and 4, which are considered representative of all chromosomes. Therefore, more accurate translocation frequency would be detected by performing chromosome painting for all of the chromosomes, using a method such as M-FISH. However, this method is expensive and very complex; consequently, it is not usually performed for translocation assay.
Smoking habits have an impact on the frequency of chromosome translocation [20] [21] [22] [23] , and exposure to natural radiation has also been suggested as playing a role in the formation of chromosome translocations. Study of residents in a high-background radiation area (HBRA) in China indicates that the frequency of chromosome translocations is higher than the number of DICs and ring chromosomes formed [24] . However, the increase in chromosome translocation in a HBRA was within the range of individual variation in the control samples [24] . Subsequently, these authors demonstrated that smoking plays a more significant role than elevated natural radiation exposure in bringing about the induction of chromosome translocation frequency in those HBRAs [25] . Because cells with chromosome translocations are mitotically stable and able to pass through repeated Fig. 1 . Frequency of chromosome translocations before the CT scan. The frequency of chromosome translocations prior to CT scanning in patients with (+) (n = 6) or without (-) (n = 6) chemotherapy and/or radiotherapy treatment history is shown. The line indicates the mean value. There was no significant difference in translocation frequency between patients with or without treatment history. NS = not significant. Fig. 2 . Comparison of the frequency of chromosome translocations before and after the CT scan. No significant difference was found between the number of translocations before and after the CT scan in patients either with (+) (n = 6) or without (-) (n = 6) chemotherapy and/or radiotherapy treatment history. NS = not significant. cell division, the frequency of chromosome translocations is thought to reflect accumulation of translocations due to exposure to chemicals or cigarette smoking over a long time, or due to treatment for various diseases or medical radiation exposure. Therefore, the increment of chromosome translocations induced by a CT scan could be hidden in the frequency of chromosome translocation due to such confounding factors. Indeed, in our study, the frequency of chromosome translocations was higher than the number of DICs formed both before and after CT scan, and the frequency of chromosome translocations tended to be higher in patients with a treatment history than in patients without such a history before CT scanning; this tendency was especially pronounced in two patients (Patients 3 and 7) , who underwent both chemotherapy and radiotherapy (Table 1, Fig. 1) . We, therefore, suggest that it could be difficult to distinguish additional chromosome translocations that are due to a CT scan from translocations accumulated over a long time. In contrast, because DICs are unstable types of aberrations, they gradually decrease after one month, and they are less affected by smoking and by past treatment history. These factors could be reasons why the DCA is a suitable assay for biological dose assessment for acute radiation exposure. However, there was a linear increase between the number of DICs formed and increasing exposure dose in HBRAs in China [26] , suggesting that, following chronic low-dose radiation exposure, lymphocytes with DICs might accumulate rather than be eliminated at cell division.
An increase in the risk of cancer in children and young adults because of CT scanning is a cause for concern [1, 2] . However, there are no published studies comparing the frequency of chromosome translocations before and after a CT scan. Usually there are various confounding factors other than medical exposure that contribute to chromosome aberrations in adults; therefore, it is unclear whether chromosome translocation has been due to radiation exposure or to other events. Evidence of an increase in the number of DICs formed after a single CT scan led to speculation that chromosome translocation could occur at the same time. It is still a possibility that chromosome translocation following CT scanning might be a cause of disease, especially in children. On the other hand, a recent study suggests that cancer risk from CT scans is biased by cancer-predisposing factors, such as congenital chromosomal abnormalities and immune deficiencies [27] . Notably, Nakamura proposed a similar hypothesis [28] ; specifically, he mentioned that radiation exposure is a critical cause of acute lymphocytic leukemia in individuals who carry pre-existing clonal pre-leukemic cells because radiation exposure induces additional mutations in those cells. Chromosomal analysis after CT scanning should be performed in children to clarify these speculations.
Taken together, our findings indicated that analysis of chromosome translocations may not be a suitable assay of chromosome aberrations in cases of low-dose radiation exposure due to the influence of confounding factors in adults.
SUPPLEMENTARY DATA
Supplementary data is available at the Journal of Radiation Research online.
